Za




AN

2 NACA TN No. 1032

sonic. At speeds above the speed of sound application of

the seme assumptions leads to the Ackeret theory (refer- ? -
ence i), according to which the wing sections generate i |
plane sound waves of small amplitude. As 1s well known, . ’e‘ Seen

the Ackerct theory prcdicts a radlcal changs in the prop-
erties of such wings on transition to supersonic velocities
anil these changes have been verified by experiments in
supersonic wind tunnels (reference 5).

Both the Ackeret theory and the Munk theory apply to ;
the case of a wing having a large span and a small chord. :
The present discussion is based on assumptions similar to

thoso used by Ackerst and Munk but covers the opposite

extreme, namely, the wing of sunall span and large chord.

In the latter cuse the flow is expected to be two-

dimensional when viowed in planes perpendicular to the

direction of motion.

A theory for the rectangular wing of small aspect
ratio has been given by Bollay (reference 6). Bollay
o assumes a separated, cr discontlnuous, potential flow
: similar to the well-known Kirchoff flow and shows that
under these circumstances the 1ift is proportional to. 4
the square of the angle of sttack. NRollay does not cone
sidor th:e effect of compressibility. The present troat- 4
ment covers other plan forms and, although based on dif- oo
o ferent assumptions, is not inconsistent with Bollay's
ol theory in the limiting case of small angles of attack.

Ry limiting the plan forms to small vertex angles;
the provertiss of the wings in compressible flow at high
e ‘subsonic and at supecrsonic speeds are also covered,. .= -
& Tsien (reference 7) has pointed out that Munk's airship ' .-~ - -
' :  theory (reference 8) applies to a slender body. of revoe . [
lution at speeds greater than sonic. The 1lift and moment . -
of such & body are not expected to change eppreciadbly. - -
with Mach number. - The present paper-glves an'analysis of : -
the low-aspect-ratio airfoil based on similarsssumptions .
- and shows that little change of the 'lift distribution of -
an airfoil of pointed plan form lying nesr the center of
the Mach cone is to be expected. .0 .
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Ly 1ift at Mach number M

Lo 1ift at zero Mach number

max  maximum (used as subscript) A
THEORY FOR WINGS OF LOY ASPECT RATIO

The flow about an airfoil cf very low aspect ratio
may he considered two-dimensional when viewed ln cross
cections perpendicular to the loncitudinal axis. With
this idealization, the treatment of the low-aspect-ratio
airfnll becomes exceedingly simple; forrmlas are obtained
that are similar in some respects to those derived by
Munk (reference 8) and Tsien (reference 7) for an elon-
cated body of revolution.

Perhaps the simplest cass from the analytical point
of 7iew is that of the long, flat, triangular airfoll
travelling point-foremost at a small angls of attaci.
Vviswsd from reference system at rest in the undisturbed 4
fluid, the flow pattern in a plane cutting the airfoll at
a distance x from the nose is the familiar two- .
dlmencional flow caused hy a flat plate nhaving the normal &
velocity Va. (See fig. l.) Observed in this plane, the g
width of the plate and henco the scale of the flow pattern
continually increase as the alrfoll progresses through
the nlane. Thls increase in the scale of the flow pattarn
requires a local 1ift force 1 equal to the downward
velocity Va times the local rate of increase of the.
additional apparent mass m', or

dnm!

va ?ﬂ?

2

2 dm!
@ dx
since , .
dx
V=4t . (;

Ny & well-¥novn formula from two-dimensional-flow
theory, '

KU

be

m’:Tr-K-p.dx
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wvrere OJ/b  is a function of . pifferentiation of £

wields tha equation

2 b QE a

/ 2 CIJCK

aor

4=
—

mhe pressure distributicn thug shows an infinite neal:
elong the sloping sides of the airfoil gimilar to the
nreccure peab at thie leading adge of a convenitloral air-

lires »f constant 7%;) is
nD/< '

e

the vertax »f ti.e trianglo

feits The distribution alonz radial lines pasaing through

vniform, however (fig. 3), and tle centor of precssure
coincides witi. the center of ares.

) and () show that the development of
loug slender airfoil dejends on an »2xpaislon
ons in & downstream direction; lence a paut

ace ‘.aving parulicl sides would develor no

fi. Turtherrore, a dscreasing widtls would, acsording
ecuation (l;), require negetive Lift with infinite
necativa pressure Do« along the cde3 of the narrovcer
sectiona. TIn the act:al flow, however, the edye bel.ind
the mosimnum croas sectisn will lie in the viscous or

turbuleont wake forimed over the surflace alead; and for

this reason Lt will be asstmed that the inlinite »ressure

difrereaco indicated by equation (3) cannot be develored

across these edges. It is this ascumption, corresponding

to the Kutta condition, which gives the »late the prop=-
erties of an airfoil as distinct from anotier type of
body, such as a body of revolution.

Wit the aid of the Kutta condition, 1t may easily

be slinwa thet soections of the airfoil behind the section

of greatast width develop no lift, A potential flow

satigfying bot: the bouadary condltlcn and the Kutta con-
dltion may be obtuinad by the introduction of a frse sur-

face oi discontinulty b:hind the widest sectlon. This
surfacs of discontinuity (fig. l}) would be composed of
parallel vortices extendling dovmstream from the widest
Section of the airfoil as prolongations of the vortices

s v ek S A L S i o -
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reprasenting the discontinuity of potential over the for-
ward mart of the airfoil. This sheet, although possibly
wider than the downstream sections of the airfoill, still
satisfles their boundary condition, since the lateral
arrancerment of the veortices is such as to give uniforn
downward velecity equal to Va over the entlre width of
the sheet including the rearward portion of the airfolil,
2inze the pressure difference across the airfoil is pro-
portional to o@/dx ard since this gradient disappears
as soun as the vortices become parallel to the stream,
no 1lift is developed on the rearward sections.

integration of the pressurcs in a chordwise direction
from the lcading edge downstream to the widest gection
will pive the span load distrivbution and the induced drag.
The snan load distribution 1is

%; =\/Zp dx
or, from cquation (3),
%% = 2oV¢
¥rom equation (2),
. g = Vab“éax sin 8

Hence &L/ay 1s elliptica) and independent of the plan
form. With tho elliptical span load ths induced drag is
e mininum and is equal to ‘

: |
L (5)

“quax2

Dy =

A second integration of ‘%L dy across the widest
section gilves the total lift, which is
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The 1i{t of the slender airfoll therefore depends only
on tnz width and not on the arca. If the 1ift is divided

by %ovas and if the aspgect ratic A ‘is consldered to

o

be Omax

, then

%4

Cp, = 5A% (7)

and the induced-drag coefficlent is

n_ 2
O = 22
o A

(8)

= n
)

nNia

*
4

Prom equation (3) it appears that tue resultant force
1ies halfway hetween the normal to the surface and the
noraal to the alr stream.

Tt is seen that in the case of a rectangular plan
form the simplified formula (eynation (kL)) gives an
infinite concentration of 1lift at tae leading cdge and
no lift elsewhore, whereas a more accurate theory would
show some distribution of the lift rearward. If the rate
of increase of the width becomes too yreat, the flow can-
not be exnccted to remain two-dimensional. It can be
shown by examination of thne known three-dimensional
(nonlifting) potential flow around an elliptlc disk
(reference 9), however, that the two-dimensional theory
glves a good approximation in the case of an elliptical
leading edge, which indicates that the theory is appli-~
cable over a large range of nose shapes. In flgure 5 1s
shown & comparison of the l1ift calculated by the present
theorv for elliptical wings of low aspect ratlio with the
resulks of the more accurate three-dimensional potential-
flow calculations of Krienes (reference 10). The results
are in good agreement up to aspect ratios approaching 1.
Anplication of equation (4) gives a center of pressure
on the elliptical plan form at one-sixth of the chord.
Pigure 6 also shows this value compared with vaiues given
by Xrienes's theory. In this respect it appears that
the agreement 1s not so good as for the 1ift.

L7
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‘velocity component and hence the angle of attack are

62¢76x2. can be neglected in comparisen with of/dx

NACA TH No. 1052 _ 9
EFFECT OF COMPRESSIBILITY

In order to show the effect of conmpressibility,
use will be made of the theory of potential flow with
small disturbances. Glauert (reference 2) and Prandtl
(reference 3) have demonstrated that, at subsonic speeds,
a distributicn of potential satisfying Laplace's equa-
tion will satisfy the linearized compressible-flew equa-
ticn if the distribution @¥(x,y,z) is foreshortened
along the direction of motion by the transTormation

x
X = e V‘:y 2t = 2z

- )

This fact may be applied in a eaiculation procedure by
starting with a fictitious airieil longer in the
<-direction than the trus cne and calculating the poten=-
tial distribution for this airfoil by methods of incon-
pressible flow., Tho correct dimensions aad correct
distribution of  are then obteined when the trans-
Tormation is annlied.

For the long slender airfoil, the potential distri-

bution at each section is similar to that for an infi-.

nitely long body; therefore 37/3x and hence the local

pressures vary in iaverse proportion to the length. The

foregoing calculation procedure glves a null result in

this case, since thz pressures calculsated for the ficti-

tious airfoil at M = 0 will be reduced in the same ‘
ratio that the lenzth is incrsased and the Lorentz trans- :
formation to restere the correct length will also restore
the same pressures as those obtained at I = J« . Sincse
éﬁ/bz is unchanged by the transfornation, the nobnal

unchanged also. These results can be obtained by rofer-
ring directly to the linearized equation [lor the potential

(AR L, e
6x2 6y2 622 _ o

(See reference 3.) If the airfoil is sufficiently élehder,

exsept near the edge. Since the 1lift 1s proportional

“ . .
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#/>x, the increese of the Lift with Mach number
KR

an therclore be neglected in comparison vitly the 1if%.

O ot
(o]
o %

I: is important to note that the thieory of snall
disturbances is not limited to subsonic velncities and

2
' &7 . .
that, so lonz as the tern <1 - H2>——g in equation (9)

reraing emall, the solution in the regicn ol the wing
will continue to bé given by the potential (equation (2).
nvidently the Mach nwiber cannot be ingrqascd indeli-
nitely, tor then the coei'ficient of 5°¢Vax2 will become
so large that the Lfirst term +ill no longer be negli-
zible. The required condition will be satisiied, however,
by adoptins a vointed plan forn with the vertex anzle so
siiall th.at the entire surface lies near ths center of

the raci: cone (fin. 7). The condition of a small vertex
an.le is «lso necessary in order that tlhie notantial dis-
tpibution of eguavion (2) may apvly. In ths case of a
wing with a blunt-leading-edge plan forn, abrupt changes
1,1 the flAw aprise on transiticn {o supersonic velocities,
and potential f'low of the subsonic type no longer exists.

The 1ift and lif't distribution for rectangular
surfaces at supersonic speszds have bsen caleulated by
Schliciiting (reference 11). Figure 7 shovs the varia-
tion of lift-curve slone with kach number as obtained
from Schlicnting's resaits for rectangular wings of two
dillersnt aspect ratios and [fer the range of' speeds in
which the two lach cones from the tips do not reach the
center of the wing. In ti:e subsonic range, vaclues given
by the Prandtl-Glauert rule are shown. These curves are
compared with the velues indicated by the present thieory
for a-trilangular winzg lying near the center of the llach
cone., TFigure £ shows the travel of the center of pres-
sure for these plan fnrrmas. It i1s to be notad that, with

he blunt-leading-cdse pien forms, the center of pressure
travels from a point near the gquarter chord to a point
near the midcliord when the velocity is increased above
the spesd of sound.
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TISTS OF A TRIANCTLAR AIRFOIL AT STUPERSONIC SPEID

\ 4s a test of the foregoing analysls, a small trian-

Q‘ gular airfoill in the form of a steel plate with rounded
leading edges was constructed and tested in the Langley
model supersonic tunnel, The tests were made at a ifach
number of 1.75.. Figure 9 shows the details of the model
and firpure 10 summarizes the results of the test. At
zero angle of attack a small 1ift and a.small pitching
moment occur, which are presumably the result of the
camoer glven the airfoil by rounding off the leading edges
in the manner shown by section A-A in figure 9. 1In
zeneral, the results are in good agreement with the theory
if an allowance 1is mnade for this camber, as shown in
figures 10,

CONCLUSIONS

1. The 1ift- of a slender, pointed airfoll moving in

( the dircction oft its long axis depends on the Increase
in width of the sectlons in a downstream directlon.

Sections behind the section of maximum width develop no

2, The sﬁénwiée loading ‘of such an airfoil is inde-
pendent of the plan form and approaches the distribution
giving a minimum induced drag.

3, The 11ift distrivution of a vointed alrfoll
travelling point-foremost' is relatively unaffected by
the comprcssibility of the air below or above the speed.
of sound. . ' '

Langley Memorial Aeronautical Laboratary -
National Advisory Committee for Aeronautics .
' Langley Field, Va., May 11, 1945
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Figs. 5,6 NACA TN No. 1032
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Fig. 9 NACA TN No. 1032
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Figure 9.- Alrfoil tested in Langley model supersonic tunnsl.
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